Perfluorooctane sulfonate (PFOS) at a high dose of 10 mg/kg has been reported to affect the neuroendocrine system and exert toxic effects in rodents. The present study examined the influence of chronic exposure to a low-dose of PFOS (0.1 mg/kg/day) on female reproductive endocrine and function. Herein, we show that adult female mice exposed to PFOS by gavage for 4 months (PFOS-mice) exhibited a prolongation of diestrus without signs of toxic effects. The numbers of mature follicles and corpora luteum were significantly reduced in PFOS-mice with increase of atresic follicles. The levels of serum estrogen (E2) and progesterone at proestrus and diestrus were reduced in PFOS-mice. In comparison with controls, PFOS-mice showed a significant decrease in the levels of luteinizing hormone (LH) and follicle stimulating hormone (FSH), and gonadotrophinreleasing hormone, the number of kisspeptin neurons and the level of kiss1 mRNA in anteroventral periventricular nucleus at proestrus but not at diestrus, which could be corrected with the normalization to E2. PFOS-mice did not generate an LHsurge at proestrus, which could be rescued by the application of E2 or kisspeptin-10. Notably, the level of ovarian steroidogenic acute regulatory (StAR) mRNA was decreased in PFOS-mice with the reduction of histone H3K14 acetylation in StAR promoter relative to control mice, whereas the P450scc expression and histone H3K14 acetylation showed no difference between the groups. The present study provides evidence that the chronic exposure to the low-dose of PFOS through selectively reducing histone acetylation of StAR suppresses the biosynthesis of E2 to impair the follicular development and ovulation.
. PFOS is well absorbed but poorly metabolized and cleared, thus the geometric mean half-life of serum elimination of PFOS in humans has been estimated to be approximately 4.8 years (Olsen et al., 2007) . Although assessments of current exposure levels are limited, PFOS is detected in serum, urine, amniotic fluid, follicular fluid, and placental tissue of human (Zhao et al., 2012) . Animal toxicology studies have provided evidence of toxic effects of PFOS including hypatocytic hypertrophy, cytoplasmic vacuolation, reduced serum thyroxine and triiodothyronine, and decreased food consumption (Seacat et al., 2002; Thibodeaux et al., 2003) . Fei et al. (2009) used data from the Danish National Birth Cohort to report an association between high serum level of PFOS in pregnant women and a longer waiting time to pregnancy. In residents with water contamination, high PFOS concentration is associated with later age of menarche (LopezEspinosa et al., 2011) . The 1-to 2-week exposure to PFOS (10 mg/ kg) has been reported to cause a persistent diestrus in rats (Austin et al., 2003) . The exposure to PFOS during pregnancy caused approximately 50% of offspring died at 3 mg/kg for rat and 10 mg/kg for mouse . Average level of serum PFOS in human has been reported to range from 145 to 3490 ng/ ml (Olsen et al., 2007) . Recently, Kato et al. (2011) have reported that the serum concentration of PFOS in human is generally in the range of 13-30 ng/ml. A recent study (Chang et al., 2012) has reported that the serum elimination half-lives of PFOS in rodent species such as rats and mice are on the order of 1-2 months. The administration of PFOS (1 mg/kg) for 14 days in adult female rats produces a serum level of 10 480 ng/ml, which does not affect the regular estrous cycle (Austin et al., 2003) . The exposure of rats to 0.1 mg/kg of PFOS during pregnant day 2-21 produces a serum level of 370 ng/ml in postnatal day 21 offspring rats (Xia et al., 2011) , which is similar to the serum concentration in the human population that encountered PFOS in the environment. However, no studies to date have assessed the influence of long-term exposure to an environmental-dose of PFOS on female reproductive endocrine and function.
In females, the estrous cycle and ovarian function are controlled by the hypothalamic-pituitary-gonadal (HPG) axis. Gonadotrophin-releasing hormone (GnRH) and luteinizing hormone (LH) release are regulated by feedback action of estrogen (E2) (Maeda et al., 2007) . Approximately 90% of GnRH neurons express G protein-coupled receptor 54 (GPR54) that are intensely activated by kisspeptin neurons in anteroventral periventricular nucleus (AVPV) (Han et al., 2005) . The AVPV-kisspeptin neuron, as a target of E2 positive feedback, is considered to regulate GnRH/ LH-surge generation (Maeda et al., 2007) . The exposure to PFOS in Cynomolgus monkeys has been observed to reduce serum estradiol (Seacat et al., 2002) . Steroidogenesis is primarily regulated by the steroidogenic acute regulatory (StAR) protein and cytochrome P450-mediated cholesterol side-chain cleavage enzyme CYP11A1 (P450scc) (Miller and Auchus, 2011) . StAR transports cholesterol fromintracellular stores to the inner mitochondrial membrane; subsequently, P450scc converts cholesterol into pregnenolone, which is the precursor for steroid hormone synthesis. E2 can inhibit the StAR mRNA expression in mouse Leydig cells (Houk et al., 2004) . The binging ability of PFOS to estrogen receptor a (ERa) has been demonstrated to be 10 000 times weaker than natural E2 (Benninghoff et al., 2011) , indicating that PFOS has a very low hormone-like activity. The endocrine disruptor benzophenone-4 can affect steroidogenesis by altering the transcription of steroidogenic enzyme genes (Zucchi et al., 2011) . Exposure to benzo[a]pyrene, a representative polyaromatic hydrocarbon, has been reported to reduce plasma testosterone concentration in rats, which is associated with a reduction in the histone H3 on lysine 14 (H3K14) acetylation level (Liang et al., 2012) .
In this study, adult female mice were treated with PFOS at a low-dose of 0.1 mg/kg/day for 4-6 months to examine the influence of chronic exposure to the low-dose of PFOS on the estrous cycle, ovarian function (follicle development and biosynthesis of E2), and regulation of kisspeptin neuron in AVPV and HPG reproductive hormones. Our results indicate that the chronic exposure to the low-dose of PFOS through suppressed histone acetylation of StAR promoter reduces the biosynthesis of E2 leading to the deficits in the follicular development and ovulation.
MATERIALS AND METHODS
Animals. The use of animals was approved by Institutional Animal Care and Use Committee of Nanjing Medical University. Twelve-week-old female ICR mice (Oriental Bio Service Inc., Nanjing) were used at the beginning of this study. The animals were housed in stainless steel cages with wood bedding to minimize additional exposure to endocrine disrupting chemicals (temperature 23 6 2 C, humidity 55% 6 5%, 12:12 h light/dark cycle, and lights from 0600). They had free access to food and water. Diets were vacuum-packed and stored in a fresh (8  C) room before use. The animals were given fresh food (100 g) and beverages every week. Body mass and food consumption (remaining pellets) were measured in the early morning, every week. Diets were given as dry pellets to limit spillage. Estrous cyclicity was monitored daily at 0800-0900 h using vaginal cytology. The mice that had repeated cycles of proestrus, estrus, metestrus, and diestrus in that order (4-5 days) were called "regular cyclers." After 4 regular estrous cycles were determined, the mice were treated with PFOS (>99% purity; Sigma-Aldrich Inc., St. Louis, Missouri). PFOS was added to the drinking water such that mice received PFOS at a dose of 0.1 mg/kg of body weight/day. Controls received the same drinking solution without PFOS. The mice per experimental group were divided into 2 parts: 1 part (n¼ 96) was used to examine serum hormones and PFOS, hypothalamic GnRH and kisspeptin, expression and histone H3K14 acetylation of steroidogenic enzymes in ovaries; the other part (n ¼ 40) was used for immunohistochemistry of AVPV-kisspeptin neurons and morphology of the ovary and liver.
Measurement of PFOS. The initial extraction was based on 200 ll serum, 14 ll internal standard solution (containing 0.2 ng PFOS). Then, 36 ll methanol/water (50/50) was added together in the primary extraction tube and briefly mixed by vortexing for 30 s. After the addition of the 200 ll acetonitrile for protein precipitation, the primary extraction tubes were shaken on a mechanical shaker for 30 min, and then centrifuged at 20 800 Â g for 5 min. The supernatant was decanted to a clean, labeled tube, and then 200 ll acetonitrile was added and stored at À20 C for 1 h.
After the supernatant was transferred into a high-performance liquid chromatography (HPLC) glass vial, 2 mM ammonia acetate buffer solution (350 ll) was added. A stock solution (1 ng/ll) was diluted with methanol/water (50/50, vol/vol) to obtain the standard mix working solutions with concentrations of 1, 10, and 100 pg/ll. PFOS was eluted from the SPE cartridge with 2 ml methanol and analyzed by HPLC-electrospray tandem mass spectrometry (HPLC-ES/MS/MS), according to the method described by Hansen et al. (2001) .
Ovarian and liver morphology. The mice at diestrus were anaesthetized with pentobarbital (3 mg/100 ml, i.p.). Both ovaries and liver were dissected and fixed in Bouin's fluid. After dehydration FENG ET AL. | 369 through a graded series of alcohol, the samples were processed for paraffin embedding and sections (5-lm) were serially cut. The sections were deparaffined and rehydrated, and then stained with hematoxylin and eosin. Follicles were counted using a conventional light microscope (Olympus DP70, Japan) with a 40 Â objective. The numbers of follicles (primordial, primary, secondary, early antral, antral, and preovulatory follicles) were counted in every sixth sections (30 lm apart) and multiplied by 6 to give the total number of follicles in each ovary.
Only follicles containing an oocyte with a visible nucleus were counted to avoid double counting. The classification of follicular stages was made following the morphological criteria as described previously (Myers et al., 2004) . The number of corpora lutea was scored in a blinded fashion using 1 section per ovary and 1 ovary per mouse (Glidewell-Kenney et al., 2007) .
Ovariectomy, administration of E2 and kisspeptin-10. To exclude the influence of the reduced E2 level on AVPV-kisspeptin expression in PFOS-mice, the ovaries were removed (ovariectomy [OVX] ) in control mice and PFOS-mice under anesthetized conditions with pentobarbital (3 mg/100 ml, i.p.), followed by the treatment with the same dose of E2 (Wang et al., 2014) . After 24 h of OVX, the OVX-mice were implanted with a silastic capsule containing 0.625 lg E2 (Sigma-Aldrich Corp.) to obtain the physiological level of E2 (35.2 6 3.3 pg/ml) for 4 days (Christian et al., 2005) . After the silastic capsule was removed, a single injection (s.c.) of E2 (100 lg/kg) was given (Wang et al., 2014) . The GPR54 agonist kisspeptin-10 (KiSS-1 [112-121]/metastin [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [human], Sigma-Aldrich Corp) was dissolved in DMSO and then diluted in 0.9% saline to result in a DMSO concentration below 0.1%. At 0900-0915 h of proestrus, kisspeptin-10 at a dose of 1 nmol/3 ll per mouse was injected (i.c.v.) (Gottsch et al., 2004) . The drugs were freshly prepared on the day of experiment. The control mice were given an equal volume of vehicle.
Measurement of serum hormones and hypothalamic GnRH. Orbital blood (300 ll) was obtained under anesthetized conditions with pentobarbital (3 mg/100 ml, i.p.) at 1600-1700. Serum was separated by centrifugation at 4 C and stored at À80 C until the assay.
The levels of LH, FSH, P4, and E2 were measured using a radioimmunoassay kit provided by the National Hormone and Peptide Program (Baltimore, Maryland). The intra-and interassay coefficients of variation are 5.5% and 8.9% for LH, 4.3% and 10.3% for FSH, 6.2% and 11.8% for P4, 6% and 5.8% for E2, respectively. The lowest detectable levels were 0.2 ng/ml for LH, 0.4 ng/ml for FSH, 2.1 pg/ml for P4 and 2 pg/ml for E2, respectively. To examine the LH-surge, orbital blood (100 ll per time) was obtained at 1300, 1400, 1500, 1600, and 1700 h of proestrus (Wang et al., 2014) . Level of serum corticosterone was measured by a corticosterone ELISA kit according to the instructions of the manufacturer (Cayman Chemical, Ann Arbor, Michigan). The lowest detectable level was 6.17 ng/ml. The intra-and interassay coefficients of variation are 2.1% and 6.3%. The GnRH concentration was examined using an ELISA kit (Uscn Life Science Inc., Houston). The hypothalamus was homogenized in 400 ll of pH 7.1 phosphate buffered saline and centrifuged at 5000 revolutions per minute/4 min/4 C. The lowest detectable level was 5.2 pg/ml. The intra-and interassay coefficients of variation are 2.1% and 6.3%.
Reverse transcription, quantitative polymerase chain reaction. The mice were anesthetized with pentobarbital (3 mg/100 ml, i.p.). Brains and ovaries were removed quickly and stored at À80 C until the assay. Coronal sections (200 lm) of brains were cut on a cryostat (Bright, Cambridgeshire, UK) and bilateral punches
(1 mm diameter) of the mPOA, which included the AVPV, were taken with 18-gauge stainless-steel tubing from the bregma þ0.74 to þ0.02 mm according to the mouse brain atlas of Paxinos and Franklin (1997) . The primer sequences of kiss1, GnRH, StAR, P450scc, 3b-hydroxysteroid dehydrogenase (3b-HSD), P450-mediated cholesterol aromatase enzyme CYP19A1 (P450arom), and GAPDH mRNA (Table 1) were designed and reverse transcriptionquantitative polymerase chain reaction (PCR) was performed according to the previous publications (Hannon et al., 2015; Jin et al., 2012; Xi et al., 2011) . Total RNA was extracted from brains and ovaries using the Trizol reagent kit (Invitrogen, Carlsbad, California) according to the manufacturer's instructions. Purified RNA with an A260/A280 ratio of 1.8-2.0 was used. RNA (1 lg) was reversed transcribed using high-capacity cDNA of the reverse transcription kit RT (TaKaRa Biotechnology CO, Ltd) in accordance with the instructions. PCR reactions were conducted using a Light Cycler Fast Start DNA Master SYBR Green I kit and an ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, California). The copy number of transcripts was calculated in reference to the parallel amplifications of known concentrations of the respective cloned PCR fragments. Standard curves were constructed and the amplification efficiencies were between 0.9 and 0.95. The relative expression of genes was determined using the 2-DDct method with normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Based on melting curve analyses there was only 1 PCR product amplified for each set of primers.
Immunohistochemistry. The mice of all experimental groups were anesthetized with pentobarbital (3 mg/100 ml, i.p.) and perfused intraventricularly with 4% paraformaldehyde on the same day. Brains were postfixed overnight in 4% paraformaldehyde, and were then transferred gradually into 15% and 30% sucrose until they settled. Sections (30 lm thick) were cut using a cryostat. Free-floating sections were incubated in 0.5% sodium metaperiodate for 20 min and then in 1% sodium borohydride for 20 min. They were preincubated with 1% normal fetal goat serum for 60 min and incubated in rabbit anti-kisspeptin polyclonal antibody (1:1000, Millipore, Billerica, Massachusetts) for identified using a conventional light microscope (Olympus DP70; Olympus, Tokyo, Japan, Â 60) and counted in 8 sections (Wang et al., 2014) to obtain a single value per mouse.
Chromatin immunoprecipitation assay. To examine the acetylation status in the promoter regions of StAR and P450scc gene, FENG ET AL. | 371 chromatin immunoprecipitation (ChIP) assay kit (Upstate Cell Signaling Solutions, Charlottesville, Virginia) was used according to the manufacturer's protocol. DNA was briefly cross-linked to associating proteins by addition of formaldehyde for 15 min at 37 C. The cross-linking was terminated by addition of glycine (0.125 M, final concentration), followed by sonication to shear the DNA lengths to between 200-and 1000-bp. After centrifugation, 10% supernatant was saved as input controls, immunoprecipitation of the remainder DNA was incubated with antibodies against histone H3 and Lys-14-acetylated H3 overnight at 4 C.
Histone-DNA cross-links of the eluates and the DNA input cross-links were reversed at 65 C for 4 h. The DNA fragments were purified using QIA quick PCR purification kit (QIAGEN, Chats worth, California). The DNA bound to the immunoprecipitated histone was amplified by PCR using specific primers for the StAR and P450scc promoter region (Table 1 ) (Lee et al., 2013; Warita et al., 2010) . ChIP-precipitated DNA and input DNA were subjected to PCR using 30 cycles of a program consisting of denaturing at 95 C for 30 s, annealing at 60 C for 30 s, and extension at 72 C for 45 s. Initial denaturing and final extension were performed for 5 min. PCR products were separated by electrophoresis on a 2% agarose gel and photographed under a UV transilluminator. The intensities of DNA bands were quantified through densitometry using Quantity One Software (Bio-Rad, Hercules, California). The densitometric signals from the individual bands of ChIP-precipitated DNA were divided using the respective density for input. The acetylation ratios are reported relative to the mean acetylation level of control mice.
Data analysis/statistics. The group data are expressed as the mean 6 SE. All statistical analyses were performed using Statistical Package for the Social Science (SPSS) software, version 16.0 (SPSS Inc., Chicago, Illinois). Differences among mean values were analyzed using 1-or 2-way ANOVA followed by
FIG. 2.
Chronic PFOS-exposure suppresses follicle maturation and ovulation. A, Histology of ovaries from control mice and PFOS-mice at diestrus. PdF: primordial follicles; PF: primary follicles; SF: secondary follicles; EaF: early antral follicles; AF: antral follicles; PoF: preovulatory follicles; AtF: atretic follicles; CL: corpora luteum. Scale bars ¼ 200 lm. B, Bars represent the mean number of primordial, primary, secondary, early-antral, antral, and preovulatory follicles at diestrus (n ¼ 10 mice per group). *P < .05 versus control mice (t test). C, Bar graph shows the mean number of corpora luteum at diestrus (n ¼ 10 mice per group). *P < .05 versus control mice (t test).
Bonferroni post hoc analysis. Differences at P < .05 were considered statistically significant.
RESULTS

Influence of Low-Dose PFOS-Exposure on Estrous Cycle and Body Weight
The exposure of adult female mice to PFOS (0.1 mg/kg/day) for 6 months produced a gradual increase of serum PFOS levels (fourth month: 2481.11 6 338.74 ng/ml; sixth month: 4013.29 6 515.38 ng/ ml; P < .05, n ¼ 20 mice per group). The mice treated with PFOS exhibited the prolongation of estrous cycle starting in the third month (P < .05; Figs. 1A and 1B) and reaching maxima in months 4-6 (P < .01), which led to a significant decrease in mean number of estrous cycles per month. In comparison with the regular cycles of proestrus (P), estrus (E), metestrus (M), and diestrus (D) observed in control mice, the PFOS-exposure mainly increased the duration of diestrus (P < .01; Fig. 1C ), which was not associated with the changes in the duration of proestrus, estrus, and metestrus (P > .05). Two-way ANOVA with repeated-measures revealed that the body weight was hardly affected by the PFOSexposure (F (1,19) ¼ 4.115, P > .05; Fig. 1D ), the time of exposure (F (5,95) ¼ 1.492, P > .05), and the interaction (F (5,95) ¼ 1.361, P > .05).
FIG. 3. Low-dose PFOS reduces ovarian hormones and gonadotropins. Bar graphs show levels of serum E2 (A), P4 (B), FSH (C) and LH (D)
, and levels of POA GnRH mRNA (E) and hypothalamus GnRH (F) at proestrus (P) and diestrus (D), respectively (n ¼ 10 mice per group). *P < .05 and **P < .01 versus proestrus control. #P < .05 and ##P < .01 versus diestrus control (2-way ANOVA).Abbreviation: GnRH, Gonadotrophin-releasing hormone.
However, the body weight in the sixth month of PFOS-exposure showed a slight (<10%) decline compared to control mice (P < .05). To avoid the influence of the reduced body weight by PFOS-exposure on the reproductive endocrine and function, the mice treated with PFOS (0.1 mg/kg/day) for 4 months (PFOS-mice) were used in all subsequent experiments.
Influence of Low-dose PFOS-Exposure on Follicle Development and Ovulation
The ovary weights were not significantly difference between PFOS-mice (21.58 6 2.21 mg) and control mice (19.39 6 2.75 mg, P > .05). To examine the influence of chronic exposure to lowdose PFOS on follicle development and maturation, we counted the primordial, primary, secondary, early antral, antral, and preovulatory follicles at diestrus by the morphological criteria. As shown in Figure 2A , the atresic follicles were increased in the ovary of PFOS-mice compared with control mice. The numbers of primordial, primary, secondary, and early antral follicles failed to be altered in PFOS-mice compared with those in control mice (P > .05; Fig. 2B ), whereas the number of antral and preovulatory follicles showed a significant decrease in PFOS-mice (P < .05). In addition, the number of corpora luteum in PFOSmice was less than that in control mice (P < .05; Fig. 2C ). The results indicate that the chronic exposure to 0.1 mg/kg of PFOS is likely to suppress follicle maturation and ovulation.
Influence of Low-dose PFOS-Exposure on Hormonal Levels of HPG Axis
In comparison with the controls at proestrus, the levels of either ovarian hormones E2 (P < .01; Fig. 3A ) and P4 (P < .05; Fig. 3B ) or gonadotropins FSH (P < .01; Fig. 3C ), LH (P < .01; Fig. 3D ), the level of GnRH mRNA in POA (P < .01; Fig. 3E ) and the concentration of GnRH in hypothalamus (P < .05; Fig. 3F ) were reduced in PFOSmice. By contrast, at diestrus the levels of E2 (P < .05) and P4 (P < .01) were lower in PFOS-mice than those in control mice, however the level of LH (P < .05), GnRH mRNA in POA (P < .01) and GnRH concentration (P < .05) in PFOS-mice were higher than those in control mice, and the level of FSH showed no difference between the groups (P > .05). The results indicate that the chronic exposure to low-dose PFOS can reduce the ovarian hormones and gonadotropins at proestrus.
Influence of Low-dose PFOS-Exposure on Activation of Kisspeptin Neurons in AVPV
To explore the mechanisms underlying the PFOS-reduced GnRH and LH at proestrus, we further examined the activation of kisspeptin neurons in AVPV. In comparison with control mice, the number of AVPV-kisspeptin positive (kisspeptinþ) cells (P < .05, n ¼ 10; Fig. 4A ) and the level of AVPV-kiss1 mRNA (P < .01, n ¼ 10; Fig. 4B ) were significantly reduced in PFOS-mice at proestrus, but at diestrus had no significant difference between the groups (P > .05). When OVX control mice and PFOS-mice were treated with the same high-dose of E2 (Wang et al., 2014) , the levels of AVPV-kiss1 mRNA (P > .05; Fig. 4C ), serum LH (P > .05; Fig. 4D ), and hypothalamus GnRH (P > .05; Fig. 4E ) had no significant difference between the groups. The results indicate that the reduced E2 in PFOS-mice suppresses the activation of AVPVkisspeptin neurons at proestrus leading to the decline of gonadotropins levels.
Influence of Low-dose PFOS-Exposure on Generation of LH-Surge
Kisspeptin-GPR54 signaling is very important for the induction of preovulatory LH-surge (Gottsch et al., 2004) . To determine whether the E2-positive feedback deficit in AVPV-kisspeptin neurons affects ovulation at proestrus, we further examined the generation of the LH-surge. As shown in Figure 5A , a surge-like LH release (LH-surge) could be observed at proestrus 1600-1700 in control mice, but not in PFOS-mice. Consistent with E2-rescued activation of AVPV-kisspeptin neurons at proestrus, the supplement of E2 in OVX PFOS-mice could recover the generation of LH-surge (Fig. 5B) . Furthermore, the application of kisspeptin-10 at proestrus in PFOS-mice could rescue the generation of LH-surge (Fig. 5C) . The results indicate that the decreased activation of AVPV-kisspeptin neurons at proestrus impedes the generation of LH-surge.
Influence of Low-dose PFOS-Exposure on Steroidogenic Enzyme Genes Expression in Ovary
To investigate the mechanisms underlying the PFOS-reduced ovarian hormones, we examined the expression of steroidogenic enzyme genes in the ovary. In comparison with controls, the level of StAR mRNA in PFOS-mice was significantly reduced at proestrus or diestrus (P < .01; Fig. 6A and B) , whereas the levels of P450scc, 3b-HSD, and P450arom mRNA were not altered (P > .05). Furthermore, we performed ChIP assays to examine the histone acetylation levels in the StAR and P450scc promoters. As shown in Figure 6C , the levels of StAR histone H3K14 acetylation at proestrus and diestrus were significantly decreased in PFOSmice in comparison with those in control mice (P < .01). However, the levels of P450scc histone H3K14 acetylation in PFOS-mice did not differ from those in control mice (P > .05; Fig.  6D ). The results indicate that the chronic PFOS-exposure through reducing histone acetylation of StAR suppresses the biosynthesis of E2.
DISCUSSION
The present study provides in vivo evidence that the chronic exposure to an environmental level of PFOS reduces the biosynthesis of E2 through selectively inhibiting histone acetylation of StAR, which causes the deficits in the follicle maturation and ovulation.
Low-dose PFOS Disturbs Estrous Cycle Without Signs of Toxic Effects
The administration of PFOS (10 mg/kg) for 2 weeks caused a persistent diestrus in rats, whereas the doses of 1 mg/kg did not (Austin et al., 2003) . Interestingly, the exposure of mice to 0.1 mg/kg of PFOS for 3 months caused the prolongation of diestrus. Although PFOS is poorly metabolized and cleared, our results did not support the possibility that the accumulation of long-term exposure to PFOS causes the prolongation of diestrus. First, the administration of PFOS (10 mg/kg) for 14 days in rats produces a serum level of 45,446 ng/ml (Austin et al., 2003) . By contrast, the exposure to PFOS (0.1 mg/kg) for 4 months produced a serum level of 2481 ng/ml. Second, the administration of 10 mg/kg PFOS for 14 days in rats causes a decrease in food intake and produces a corresponding 20%-30% reduction in the body weight (Austin et al., 2003) , whereas the exposure of mice to PFOS (0.1 mg/kg) for 4 months failed to affect food intake ( Supplementary Fig. S1 ) and body weight. Furthermore, the toxic effects of high-dose PFOS including liver abnormalities such as hepatomegaly, hepatocyte swelling and vacuolation (Seacat et al., 2002; Thibodeaux et al., 2003) , and the increase of serum corticosterone (Austin et al., 2003) were not observed in PFOS-mice ( Supplementary Figs. S2 and S3) . Notably, PFOS-mice showed a slight decline of body weight in the sixth month of the PFOS-exposure. Although the level of serum PFOS (4,013 ng/ ml) in the sixth month of PFOS-exposure was nearly 1.5-fold higher than that in the fourth month of PFOS-exposure (2,481 ng/ml), the level of serum PFOS at 10,480 ng/ml in rats does not affect the body weight (Austin et al., 2003) . To determine whether the decline of body weight arises from a time-dependent toxic effect by the long-term exposure to the low-dose of PFOS, further experiments will be required to examine the food intake, the structure of liver as well as the level of corticosterone in the sixth month of PFOS-exposure. P450arom mRNA at proestrus (P) and diestrus (D) (n ¼ 8 mice per group). **P < .01 versus controls (t test). C and D, Bar graphs show the histone H3K14 acetylation levels in StAR and P450scc promoters at diestrus (D) and proestrus (P) (n ¼ 8 mice per group). **P < .01 versus diestrus control. ##P < .01 versus proestrus control (2-way ANOVA). Abbreviations: PFOS, Perfluorooctane sulfonate; StAR, steroidogenic acute regulatory. region can suppress the StAR expression (Liu et al., 2007a) . Notably, chronic exposure to low-dose PFOS caused a decrease in the histone H3K14 acetylation of the StAR promoter rather than the P450scc promoter. An earlier study (Christenson et al., 2001) reported that the histone H3 acetylation of the StAR proximal promoter was increased in luteinized granule cells. The treatment of granular cells with FSH can increase the level of StAR mRNA through enhancing histone H3 acetylation in the proximal region of StAR promoter (Rusovici et al., 2005) . In Leydig cells, the activation of LH receptors can stimulate the transcription of StAR through increasing cAMP level (Paz et al., 2002) . Thus, it is possibility that the reduced FSH and LH at proestrus in PFOS-mice can affect the transcription of StAR. In addition, the ovulatory LH-surge is able to induce rapid increase in the StAR expression of granule cells (RonenFuhrmann et al., 1998) . Another possibility is that the lack of LHsurge in PFOS-mice can reduce the StAR expression. E2 is known to inhibit cAMP-induced StAR expression (Houk et al., 2004) , but does not affect the histone deacetylation in P450scc promoter region (Warita et al., 2010) . PFOS at 1 nM concentration can enhance ERa-dependent transcriptional activation of human embryonic kidney (HEK-293T) cells, although its binding ability to human or mouse ERa is weaker than natural E2 (Benninghoff et al., 2011) . However, the coadministration of E2 and PFOS has been reported to produce an anti-estrogenic effect (Liu et al., 2007b) . Therefore, whether the exposure to PFOS (serum level of 2481 ng/ml) reduces the histone H3 acetylation at StAR promoter through affecting the activation of ERa should be an interesting subject for future work.
PFOS-Reduced E2 Suppresses Follicle Maturation and Ovulation
The follicle, as a functional unit of the ovary, serves to protect, and nourish the growing oocyte from the time of a follicle's formation to ovulation. In comparison with control mice, PFOSmice showed a significant decrease in the number of antral and preovulatory follicles and increase in the number of atresic follicles, which was not associated with the changes in the numbers of primordial, primary, secondary, and early antral follicles. E2 has been reported to affect late follicular development (follicle's maturation), whereas primordial follicle differentiation and early activation are thought to be independent of E2 . The activation of ERb can stimulate follicular growth, decrease atresia of antral follicles and enhance the number of oocytes released following ovulation induction. In addition, ERb knockout mice showed a significant increase in atretic follicles with very few healthy late antral follicles and corpora lutea (Cheng et al., 2002) . Thus, the reduced E2 level in PFOS-mice appears to be responsible for the atresia of antral follicles and the obstruction of follicle's maturation. In addition, we observed that the number of corpora luteum and the P4 level were lower in PFOS-mice, implying a reduction of ovulation. The generation of preovulatory LH-surge is critical for ovulation and regular estrous cyclicity (Maeda et al., 2007) , which is triggered by the activation of AVPVkisspeptin neurons (Gottsch et al., 2004) . Elevation of E2 concentration at proestrus is important for the activation of AVPV-kisspeptin neurons (Maeda et al., 2007) . The activation of AVPV-kisspeptin neurons and the gonadotropins levels in PFOS-mice could be recovered by the normalization of E2 level. Moreover, the application of E2 or kisspeptin in PFOS-mice could rescue the generation of LH-surge. An earlier study (Cooper et al., 1980) reported that the changes in the pattern (time and amplitude) of LH-surge may be a direct cause of the disruption of ovarian function. The exposure to low-dose chlorotriazine herbicide atrazine in female rats can disrupt the ovarian function and regular estrous cycles, and induce repetitive pseudopregnancies through disturbing reproductive endocrine profile (Cooper et al., 1996) . Collectively, these findings support the indication that the chronic exposure of low-dose PFOS ! reduced E2 synthesis ! suppressed AVPV-kisspeptin neurons at proestrus ! led to lack of preovulatory LH-surge ! reduced follicle's maturation and ovarian. Further studies are needed to evaluate the influence of PFOS-exposure for 6 months on reproductive outcomes.
In summary, the chronic exposure to low-dose PFOS was found to suppress the biosynthesis of E2 through reducing histone acetylation of StAR, although it failed to exert the same toxic effects as the exposure to high-dose PFOS. This study provides the in vivo evidence that the chronic exposure of adult female mice to an environmental dose of PFOS can impairs the follicle's maturation and ovarian. Therefore, it is timely and important to evaluate the adverse effects of long-term exposure to an environmental dose of PFOS on women's reproductive health.
